In this paper we describe each of these atmospheric data products, including characteristics of each of these products such as file size, spatial resolution used in producing the product, and data availability.
amount, aerosol particles, and the subsequently formed clouds [9] . Barnes et al.
[2] provide a detailed description of MODIS, including its performance attributes, optical design, spectral band characteristics, primary purpose of each band, pixel size, and signal-to-noise ratios at specified radiance levels, information that is essential for an in-depth understanding of the onboard calibrators and the operation of this highly sophisticated sensor.
The intent of this paper is to provide brief descriptions of each of the MODIS atmosphere data products that are being produced by the Terra mission and to describe differences, where they occur, with comparable products to be produced by Aqua. MODIS data are processed into various processing levels from Level 1 (radiances and brightness temperatures that have been geolocated), to Level 2 (derived geophysical data products at the same resolution and location as the Level 1 data) to Level 3 (variables mapped onto uniform space-time grid scales). In this paper we describe the essential elements of all Level 2 'pixelbased' MODIS atmosphere data products, and give examples of selected parameters in each product. Finally, we describe the MODIS Level 3 atmospheric prod-ucts that are produced at daily, eight-day, and monthly time interval on a global 1° x 1° latitude-longitude grid. In addition to simple statistics (mean, standard deviation, etc.) computed for each parameter, the Level 3 products also contain marginal density and joint probability density functions between selected parameters.
II. THE MODIS ATMOSPHERE DATA PROCESSING SYSTEM
Terra and Aqua data are stored on the spacecraft in solid-state memory and periodically transmitted to the ground. Once on the ground, these data are separated into instrument packets 2 hours in length and sent to the Goddard Space Flight Center for further processing. Fig. 1 shows the data processing architecture and data products that are used in processing MODIS atmospheric properties (adapted from [19] ). The very first step is to produce Level 1A (MOD01) data that consist of counts for all 36 bands of MODIS, along with raw instrument engineering and spacecraft ephemeris data. This data product is separated into 5 min granules, and hence all Level 1B, geolocated, and subsequently processed pixel-level data are processed into 5 min granules (~2000 km in length along the orbital track), producing some 244 granules (or files) per day per data product.
Following Level 1A, calibration is applied using the onboard calibrators, space looks, and instrument performance data, and these Level 1B (MOD02) data are stored in 3 separate files, one each for 250, 500, and 1000 m bands. Since many algorithms that follow in the subsequent processing chain require a combination of spectral bands having inherently different spatial resolutions, a Level 1B product is produced at 250 m resolution (daytime, 2 bands), 500 m (daytime, 5 bands plus two 250 m bands aggregated to equivalent 500 m bands), and 1000 m (daytime, 36 bands all at 1000 m or aggregated to that resolution from the finer resolution bands). At night, only the thermal bands are recorded so the MOD02 1 km granules are smaller in size (17 bands) than during the daytime when all 36 bands are recorded. Geolocation of each pixel is also contained in the MOD02 file, but only every 5 th pixel and every 5 th scan line. For full resolution navigation, a separate geolocation (MOD03) data file is produced at a 1 km spatial resolution, containing geodetic coordinates, ground elevation, and viewing geometry.
All of the data products described in this paper are Level 2 and Level 3 products that ultimately require well calibrated and geolocated data from MOD02 and MOD03. These data products include the cloud mask (MOD35) for distinguishing clear sky from clouds, atmospheric profiles (MOD07), aerosol product (MOD04), precipitable water product (MOD05), cloud product (MOD06), and gridded time-averaged (Level 3) atmosphere products on a daily, eight-day, and monthly mean basis (MOD08 products). Table I lists the MODIS atmosphere data products, responsible investigator, processing level, product ID used in ordering data from the EOS data system, file frequency, and file size. All of these data products are archived and distributed by the Goddard Distributed Active Archive Center (DAAC). Data products from Terra use the product ID MODxx, whereas those from Aqua use the product ID MYDxx (e.g., MYD06).
III. CLOUD MASK
The cloud mask (MOD35) algorithm classifies each pixel as either confident clear, probably clear, probably cloudy, or cloudy. To assist users in interpreting the results, the cloud mask consists of 48 bits of output that include information on individual cloud test results, the processing path, and ancillary information (e.g., land/sea tag). The cloud mask algorithm [1] uses a series of threshold tests to detect the presence of clouds in the instrument field-of-view, and uses 17 of the 36 MODIS bands to identify the presence of cloud in the field of view. The spe-cific tests executed are a function of surface type, including land, water, snow/ice, desert, and coastal, and are different during the day and night. Each cloud detection test returns a confidence level that the pixel is clear ranging in value from 1 (high confidence clear) to 0 (low confidence clear). Tests capable of detecting similar cloud conditions are grouped together and a minimum confidence is determined for each group. The final cloud mask is then determined from the product of the results from each group. This approach is clear-sky conservative in the sense that if any test is highly confident that the scene is cloudy, the final clear sky confidence is 0. The first 8 bits of the cloud mask provide a summary adequate for many processing applications. 
IV. ATMOSPHERIC PROFILES
The atmospheric profiles (MOD07) algorithm performs statistical retrievals of atmospheric temperature and moisture layers, total precipitable water, total column ozone, and stability indices. While MODIS is not per se a sounding instrument, the information content of the high spatial resolution infrared multispectral radiance observations can improve upon a priori definitions of atmospheric state by providing better delineation of horizontal gradients. The MODIS clear-sky retrievals are performed over land and ocean for both day and night when at least 20% of the radiances measured within a 5 x 5 field of view area (approximately 5 km resolution) are cloud-free. The retrieval methods employed here are partly based on the work of the International ATOVS Processing Package (IAPP) [14] and the Geostationary Operational Environmental Satellite (GOES) sounder algorithms [15] , [12] , [13] .
The operational MODIS atmospheric profile algorithm is a statistical regression. The algorithm uses 12 infrared bands with wavelengths between 4.47 mm (band 24) and 14.24 mm (band 36). Surface emissivity effects in the shortwave infrared bands are mitigated by regressing against band differences (e.g., instead of T 4.52 and T 4.47 we use the difference T 4.52 -T 4.47 in the regression, where T l represents brightness temperature at wavelength l). An extension of the NOAA-88 data set containing more than 8400 global radiosonde profiles of temperature, moisture, and ozone is used to determine the regression coefficients. MODIS infrared band radiances are calculated from the radiosonde observations of the atmospheric state, and the regression coefficients are generated from these calculated radiances/atmospheric profile pairs. The radiative transfer calculation of the MODIS spectral band radiances is performed using a transmittance model called the Pressure layer Fast Algorithm for Atmospheric Transmittances [4] ; this model has 101 pressure level vertical coordinates from 0.05 to 1100 hPa. The calculations take into account the satellite zenith angle, absorption by well-mixed gases (including nitrogen, oxygen, and carbon dioxide), water vapor (including the water vapor continuum), methane, carbon monoxide, nitrogen dioxide, and ozone. In addition, MODIS instrument noise is added into the calculated spectral band radiances.
To perform the retrieval, the regression coefficients are applied to actual MODIS measurements to obtain the estimated atmospheric profiles, the integration of which yields the total precipitable water (TPW) 1 or total column ozone.
The advantage of this approach is that it does not need MODIS radiances collocated in time and space with atmospheric profile data, as it requires only historical profile observations. To address radiative transfer model uncertainties and residual instrument calibration anomalies, radiance bias adjustments are made in the retrieval algorithm; these are calculated seasonally from MODIS observed clear sky radiance composites and global model atmospheric analyses. 1 Atmospheric profile retrievals are saved at only 20 levels in the MOD07 data product; however, the integration to TPW is performed from the original retrieved profiles with 101 levels. Thus, integration of the 20-level profiles will not necessarily result in the same value reported in the TPW field.
Preliminary evaluation of the Aqua-MODIS atmospheric profiles algorithm (MYD07) indicates its performance is comparable to that of Terra. 
V. AEROSOL PRODUCT
The aerosol product (MOD04) is based on different algorithms for the remote sensing of tropospheric aerosol over land [8] and ocean [24] . Both algorithms try to match MODIS observed reflectances to a lookup table of pre-computed reflectances for a wide variety of commonly observed aerosol conditions, as summarized by King et al. [10] . Over land, the prime difficulty is separating the reflectance measured by the satellite into an atmospheric part and a land surface part. This difficulty is overcome by estimating the visible surface reflectance from the MODIS-measured reflectance in the shortwave infrared wavelength (2.13 µm) for dark targets, as described by Kaufman et al. [8] . Removing the estimated surface reflectance from the total measured by the satellite, the atmospheric contribution is isolated by using lookup tables to determine the aerosol characteristics and optical thickness in the scene. Final land products include aerosol optical thickness (t a ) at 0.47, 0.56 and 0.65 µm at a 10 km spatial resolution. The spectral dependence of the reflectance across the visible wavelengths is then used to obtain a rough estimate of the fine mode (radius < 0.6 µm) fraction of the aerosol optical thickness at 0.56 µm.
The ocean algorithm assumes that the surface reflectance contribution to the total reflectance is small and can be calculated from geometry and assumptions about the sea state [24] . The better-characterized ocean surface permits the use of reflectances at 6 wavelengths (0.56-2.13 µm) in the derivation. Again, the retrieved aerosol products are represented by the best fits between observed reflectance and the lookup table. Ocean products include aerosol optical thickness at 0.47, 0.56, 0.65, 0.86, 1.24, 1.64, and 2.13 µm at a 10 km spatial resolution. Using a wide spectral range over ocean allows the derivation of the effective radius of the particle population, and more accurate determination of fine mode fraction than over land. The aerosol algorithm is applied to cloud free conditions outside the sun glint region (glint angle < 40°) and for land surface reflectance at 2.13 µm < 0.25 at nadir and 0.4 at slant view directions. The comparison with the lookup table is performed for the average of the 25%-75% pixels over the ocean and 20%-50% over the land in order to avoid any undetected non-aerosol contamination.
A minimum of 10 (12) pixels is required for the analysis in any 10 km region over ocean (land). A number of papers describe validation of the MODIS aerosol products, primarily using the operational Aerosol Robotic Network (AERONET) sunphotometers [5] . Over land, Chu et al. [3] confirm the visible t a accuracy of Dt a = ±0.20t a ± 0.05 and a reasonable spectral correlation. Over ocean in non-dusty regimes, Remer et al. [22] confirm that MODIS retrieves t a with an accuracy Dt a = ±0.03t a ± 0.05, and particle effective radius within an accuracy of ±0.10 µm. In an oceanic dusty regime, Levy et al. [11] show similar t a errors in the mid-visible wavelengths, but less accuracy in determining particle radius, presumably due to nonsphericity effects that are not yet accounted for in the lookup tables.
For Aqua-MODIS, the operational algorithm will be the same as it is for Terra-MODIS. For both Terra and Aqua, improvements have been introduced for addressing a few key issues. Over land, the reliance on dark targets has been relaxed so that aerosol retrievals will be possible over a larger land surface area have a reflectance at 2.13 µm up to 0.4, as described earlier. This became possible due to analysis of aircraft data on the spectral properties of land surfaces from desert and non-desert regions [6] and successful application to MODIS data [Eric Vermote, personal communication]. Over ocean, an improved cirrus detection technique has been implemented, which combines cold cloud masking, spatial coherent tests [16] , and a new high cloud mask test based on the 1.38 µm channel.
This became possible due to analysis of aircraft data on the spectral properties of land surfaces from desert and non-desert regions [6] and successful application to MODIS data [Eric Vermote, personal communication].
VI. TOTAL PRECIPITABLE WATER PRODUCT
MODIS has five near-infrared bands located within and around the 0.94 µm water vapor band for remote sensing of column water vapor amounts over clear land areas and over oceanic areas with sunglint. The retrieval algorithm [7] , [9] relies on observations of water vapor absorption of near-infrared solar radiation reflected by the bottom surface. The algorithm uses ratios of water vapor absorbing bands (within the 0.94 µm water vapor band) with atmospheric window bands at 0.86 and 1.24 µm. The ratios largely remove the effects of variation of surface reflectance with wavelength for most land surfaces and result in the atmospheric water vapor transmittances. The column water vapor amount is derived from the transmittance using a table lookup procedure and applied to every 1 km pixel. The lookup tables were pre-calculated using a line-by-line atmospheric transmittance code and the HITRAN2000 spectroscopic database [23] .
Water vapor values using the near-infrared algorithm can be determined with errors of about 7% based on comparisons with water vapor measurements using ground-based microwave radiometers. Systematic errors in the derived water vapor values can be further reduced if the water vapor line parameters are improved in the future. The near-infrared TPW (Fig. 7b) and the thermal infrared TPW (Fig. 7c) 
VII. CLOUD PRODUCT
The cloud product (MOD06) algorithm combines infrared and visible techniques to determine the physical, radiative, and microphysical properties of clouds [20] . Cloud optical thickness and effective radius are derived globally using 6 visible and near-infrared bands at 1 km spatial resolution. Cloud top properties, including cloud top temperature, cloud top pressure, and effective emissivity, are derived using the infrared split window and longwave CO 2 absorption bands (both day and night) at 5 km spatial resolution. Cloud thermodynamic phase is computed at 5 km resolution using a two-band algorithm that includes an additional thermal band at 8.55 µm, and also at 1 km resolution using a totally different technique based on results from the cloud mask decision tree [20] . Finally, the cloud product contains a cirrus reflectance product at a visible wavelength for use in removing cirrus scattering effects from the land surface, and it utilizes an additional band at 1.38 µm. Hence, the cloud product contains many different cloud properties derived from 14 bands in total, and the file size is different during the night (only cloud top properties and thermodynamic phase at 5 km resolution) than during the day (when additional 1 km resolution products are included), as outlined in Table I . The daily product contains roughly 600 statistical datasets that are derived from approximately 80 scientific parameters from the four Level 2 products noted above. The 8-day and monthly products, identical in format, are somewhat larger in size than the daily product, comprising roughly 800 statistical datasets.
For the daily product, any Level 2 granule that overlaps any part of the data day (0000 to 2400 UTC) is included in the computation of the statistics. Therefore, a particular Level 2 granule may be included in two consecutive MOD08 daily products. The 8-day product is computed by manipulating and summarizing the daily product over eight consecutive days (half the 16-day repeat time of the Terra and Aqua orbits). The running 8-day intervals are reset at the beginning of each year (January 1), in concert with comparable Level 3 products produced by the oceans and land discipline groups of MODIS. The monthly product is computed by manipulating and summarizing the daily product over a calendar month.
There is no separation of MODIS science parameters by orbit (ascending/descending) node; however there is a day/night 'separation' and/or 'process/no process switch' for a number of parameter at Level 3. All of the aerosol (MOD04) and near-infrared water vapor (MOD05) parameters, as well as the cirrus detection and cloud optical parameters (both a subset of MOD06) are only processed for daytime (sunlit) granules. Cloud top parameters (a subset of MOD06) are processed for both day and night; and are separated in Level 3 by daytime only, nighttime only, or combined day and night. Atmosphere profiles (MOD07) are also processed for both day and night; but are not separated in the Level 3 product.
The set of statistical summaries computed for each parameter depends on the parameter being considered and might include: (i) simple statistics (mean, minimum, maximum, standard deviation), (ii) parameters of normal and lognormal distributions, (iii) fraction of pixels that satisfy some condition (e.g., cloudy or clear), (iv) histograms of the distribution within each grid box, (v) histograms of the confidence placed in each measurement, and (vi) histograms and/or regressions derived from comparing one science parameter to another.
Level 3 statistics may be computed for a subset of Level 2 pixels that satisfy some condition (e.g., water clouds or ice clouds). Finally, Level 3 statistics are computed by sub-sampling the Level 2 data at the resolution of the internal Level 2 (input file) geolocation. For example, since the geolocation internal to the MOD06 cloud product is 5 km, every MOD08 statistic derived from MOD06 (including the Quality Assurance parameters) is computed from a set of Level 2 pixels sub-sampled at that resolution (about 480 pixels instead of the 12,000 1 km pixels that actually fall within the 1° x 1° cell).
In addition, histograms, joint histograms, and/or regressions derived from comparing one science parameter to another, are often computed for a subset of observations that satisfy some condition (e.g., liquid water clouds only, ice clouds only, etc.). The thirteen joint histograms defined in the Level 3 atmosphere product (MOD08) are summarized in Table II . All joint histograms are derived from the cloud product (MOD06), ten of which are aggregated (separated) by cloud phase (liquid water or ice). This group of joint histograms in computed from the parameters (i) cloud optical thickness, (ii) cloud effective particle radius, (iii) cloud top temperature, and (iv) cloud effective emissivity. In MOD08 there are five joint histograms produced for liquid water clouds and five for ice clouds, all during the daytime. The numerical boundaries used to bin the data vary by cloud retrieval phase, as presented in Table II 
IX. SUMMARY AND CONCLUSIONS
In this paper we have described each of the MODIS atmosphere data products, including the frequency and size of each file, and have given examples of each of these data products based on observations from the Terra and, in some instances, Aqua spacecraft. Aqua carries a similar MODIS instrument, but in a 1:30 pm ascending sun-synchronous polar orbit, rather than the 10:30 am descending orbit of Terra. The same data products are produced from Aqua as from Terra, thus enabling studies of diurnal variability of cloud, aerosol, and water vapor properties. Due to differences in the performance of individual detectors, cross talk, and gain settings, there are some subtle and not so subtle differences in several of the data products. Of particular significance is the known failure of many of the individual detectors in the 1.64 µm spectral band that will make it impossible to retrieve cloud effective radius using this band. Otherwise, preliminary examination of the Aqua products shows a similar accuracy to the data products. Therefore, the experience in the precise characterization of the MOIDS spectral bands on Terra that was achieved after the first year of operation yielded similar precision on the Aqua spacecraft after only 3 months in orbit.
The location of sunglint is considerably different in the afternoon orbit, so the areas of the ocean that are impossible to retrieve water vapor concentration from using the near-infrared bands (like the southern oceans during August 2001, as shown in Fig. 8c ) will now move to the northern hemisphere. Hence, between Terra and Aqua it should be possible to obtain high spatial resolution precipitable water vapor concentrations globally.
All data produced by the algorithms described in this paper are available from the Goddard Distributed Active Archive Center, and may be ordered via the EOSDIS Data Gateway (redhook.gsfc.nasa.gov/~imswww/pub/imswelcome) or Terra WHOM (daac.gsfc.nasa.gov/data). Quicklook images of all Level 1B true color and Level 3 data products are available from the MODIS atmosphere web site at modis-atmos.gsfc.nasa.gov. In addition, this site contains (i) software tools for locating granules, doing spatial subsetting, and visualizing various scientific data sets, (ii) extensive references and descriptions of the algorithms used to process the data, and (iii) calendars of data availability. He has more than 20 years' experience in satellite and aircraft data analysis and evaluation, solar and terrestrial research, scientific algorithm development and verification, software design-development-maintenance, data visualization, data analysis, and data management. In addition, he is an expert in designing and engineering state of the art world wide web sites and optimizing graphics and image data for the web, including the MODIS Atmosphere web site. These monthly products are produced at a 1° x 1° latitude-longitude grid worldwide. 
